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Abstract
We report improved methods for electroplating cadmium sulfide (CMS) films. A previous problem was cracking/flak-
ing of films deposited from organic solutions of elemental sulfur; attempts to improve adhesion via bath additives
reduced grain size. Aqueous baths of thiosulfate ions yield cadmium-richness at low T temperatures (T), long deposition
times, and/or poor bath stability. Developments in our work to be discussed include (1) plating ofuniform, adherent, and
stoichiometric CdS from tetraethylene baths of CdCl 2 and elemental sulfur at T > 70° C with minimal cracking/flaking,
(2) improved uniformity/ adherence by use of CdL>, and (3) swept voltage methods in aqueous thiosulfate baths to plate
stoichiometric (vs. Cd-rich) films near room temperature.
Introduction
Electrodeposition has emerged as a commercially
attractive method for depositing semiconductor thin
films for optoelectronic device applications due to low
temperature and atmospheric operation, low equipment
and supply costs, easy scale-up, lack ofhazardous reactant
gases, and precision measurement and control via its elec-
trical nature. It contrasts with other methods of deposi-
tion such as vacuum evaporation/sputtering, chemical
vapor deposition (CVD), and molecular beam epitaxy
(MBE), which require expensive, high vacuum, and/or
gas-phase apparatuses. Standard chemical precipitation
deposition (CPD) techniques for the synthesis of metal
sulfides utilize the very toxic sulfur source, thiourea,
(NH2)2CS.
Cadmium sulfide, CdS, is a leading semiconductor
material used in optoelectronic devices. It has applica-
tions in light detection and photovoltaic cells. There has
been much interest in the applications of n-CdS as the
window material in CdS/CdTe and CdS/CuInSe 2 solar
cells because of its 2.42 eV bandgap. CdS can be elec-
trodeposited from organic solutions containing molecu-
larly dissolved sulfur and acidic, aqueous based thiosul-
fate ion, S9O.5-, solutions.
In many organic solvents elemental sulfur dissolves
into polyatomic, zero valent sulfur molecules Sx(0) (x=l to
8). Film formation can proceed by
a. Cd+^ + 2e =Cd(s) (1)
b. Cd(8) +S x =CdS (s) + S x_] and/or
a. Sx+ 2e = S-2 +Sx.] (2)
b. S-2 + Cd+-;= CdS (s)
where the former case is usually dominant unless the
metal ions are heavily complexed.
Electrodeposition of CdS from aqueous electrolytes
utilizes thiosulfate as a low cost, low toxicity, and very sol-
uble sulfur source. In acidic solutions, thiosulfate decom-
poses to release sulfur:
a. S 2O3-2(aq) =S(g) +SO3-2(aq) (3)
The formation of CdS then proceeds on the cathode sur-
face as in (1) and/or (2) above (with x = 1). Due to the
reduction in cadmium atom activity provided through the
chemical reaction with sulfur, it is possible to plate CdS at
voltages positive of that required to plate metallic cadmi-
um. This is known as underpotential deposition
(Engelken and Van Doren, 1985).
Works describing the electrodeposition ofII-VIsemi-
conductor compounds such as cadmium telluride, CdTe
(Poole et al., 1994; Engelken and Van Doren, 1985:
Engelken, 1988; Kemp et al., 1995), copper sulfide, CuxS(Engelken and McCloud, 1985), and tin sulfide, SnS
(Mishra, Engelken, et al., 1989) have accumulated in the
past 15 years. There are two basic electrolytes specific to
the electrodeposition of CdS films: (1) organic elec-
trolytes of moleculaiiy dissolved sulfur and ionically dis-
solved metal salts (Baranski and Fawcett, 1980) and (2)
aqueous solutions of the thiosulfate ion (McCann and
Skyllas-Kazacos, 1981). Both tend to produce metal-rich
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films unless conditions are optimized. Pulsed deposition
i' methods offer potential for overcoming this problem
(Fatas et al., 1984). In fact, more recent work has focused* *
on pulsed electrodeposition techniques for the prepara-
tion of CdS/CdTe thin film solar cells (Das and Morris,
T 1993; Das, 1993).
Materials and Methods
The apparatuses used in the experiments included an< > IBM EC 225 voltammetric analyzer, a Hewlettt Packard
7047A x-y-trecorder, and a 1000 W quartz/tungsten halo-
gen lamp for in-situ photoconductivity measurements.
The anode was made of Poco pyrolyzed graphite and its
submerged area was approximately 6 cm-. The reference
electrode was a Fisher Ag/AgCl reference electrode. The
cathode clamp was constructed ofPoco Graphite, and the
cathode substrates were Donnelly indium tin oxide (ITO)
coated glass. Other submerged items included an alcohol
thermometer and a Teflon covered stirring bar.
Supplies and reagents used included ACS grade Alfa
Na2S 2O3, 99+% Aldrich CdCl2, CdSO 4, and Cdl2, and
T 99+% Alfa ethylenediaminetetraacetic acid (EDTA).
Aldrich tetraethylene glycol of purity 99% was used as
the organic solvent. Distilled water was used for the aque-
ous depositions.
A Rigaku D-Max x-ray diffractometer was used to
characterize crystallinity. A Perkin-Elmer Lambda 19
UV/VIS/NIR spectrophotometer was used for optical
absorbance spectroscopy.
!? Films were deposited by swept deposition from acidic
solutions. The solutions contained 150 ml of water, with
? 0.01 M CdSO 4, 0.02 M Na 2S2O,, and 0.03 MEDTA at a
pH of 2.0. The solutions were heated to 60-7()°C for
? voltammetric analysis and filmdeposition. Thin films
were deposited by application of a continuous wave, ramp
? voltage. The sweep rate was 5 mV/s.
Films were deposited from TEG at constant voltage at* 90-100 C. The solutions were saturated with sulfur and
contained 0.01 M CdCL, or Cdl2.Deposition was carried
? out at -0.92 V with respect to the reference electrode for 4
hours.
[
w Results and Discussion
w TEG Based Solutions. —Several films were deposited
from the tetraethylene glycol (TEG) baths until optimum
? conditions were found. Golden (MS films were deposited
by constant voltage electrodeposition. Uniformity and
? adherence were much improved over those grown by us
from ethylene glycol using similar methods. Figure 1
? shows the plot of absorbance versus wavelength for one
?
film. The sharp inflection near 500 nm is indicative of
CdS. Figure 2 is the x-ray diffraction data for the film.
The sharp intensity peaks corresponding to the overlaid
CdS powder diffraction file card reveal that the sample is
ploycrystalline CdS.
The TEG based solutions were used in initialexperi-
ments to plate large area (i.e. 4 in. x 7 in.) films for light
detection devices. The scaled-up method also produced
very uniform films. The replacement of CdCl2 with Cdl.j
increased uniformity. These films appeared more golden
orange in color, as opposed to golden yellow. Initial
results indicate that use of TEG as a CdS electrodeposi-
tion electrolyte improves adherence and uniformity with-
out sacrificing key material characteristics.
Aqueous Solutions.
—Photovoltammetry was conduct-
ed for the aqueous solutions to determine the most effec-
Fig. 1. Optical absorbance vs. wavelength for a CdS film
electrodeposited from the TEG solution. Note the
absorption edge near 500 nm, consistent with CdS's 2.42
eV bandgap.
Fig. 2. X-ray diffraction data for the CdS filmelectrode-
posited onto ITO-coated glass from the TEG solution.
Vertical lines denote standard CdS powder diffraction
card [6-314].
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tive way of depositing photoconductive CdS. Figure 3
shows a voltammogram (i.e. without pulsed illumination)
of a typical aqueous CdS electrodeposition solution. The
lack of structure positive of the undei potential Cd plating
wave indicates that CdS is not being cathodically plated at
these positive most voltages. Figure 4 shows a similar pho-
tovoltammagram with anodic photocurrents appearing
on the reverse (i.e. negative to positive voltage) sweep fol-
lowing the cadmium stripping structure. Study of these
plots indicates that sulfur species released from the thio-
sulfate ions are reacting at the cathode surface with plat-
ed cadmium. The absence of a stripping wave more posi-
tive than the cadmium plating range reveals that CdS
thus formed remains on the substrate surface.
Photovoltammetry was conducted periodically during
swept deposition filmgrowth. Figure 5 shows the initia
sweep during a filmdeposition. As previously noted
anodic photocurrent pulses are observed on the reverse
sweep. Figure 6 is a photovoltammogram conducted dur
ing the same filmdeposition but after several sweeps
Notice the increase in photocurrent magnitude with this
sweep. At this point it was observed that a thin, golden
yellow filmhad formed on the substrate surface. Anopti
cal absorbance vs. wavelength plot for this filmis shown
in Fig. 7. The sharp rise in absorbance near 500 nm is
consistent with the bandgap ofCdS. As might be expect-
ed with thin films deposited near room temperature, x-
ray diffraction reveals poor crystallinity. Figure 8 shows
the pattern overlaid with a standard CdS powder diffrac-
Fig. 3. Cyclic voltammogram (current-voltage curve) for
an ITO coated glass cathode in an aqueous solution at
60 °C with 0.01 M CdCU, 0.02 Na2S 2Os, and 0.03 M
H4EDTA at pH =2. Note the lack of voltammetric struc-
ture other than the cadmium plating and stripping peaks.
Fig. 5. Cyclic voltammogram recorded during the initial
sweep of a CdS filmdeposited by swept voltage methods
in a thiosulfate bath. Note the anodic photocurrents on
the reverse sweep and the absence of the cadmium strip-
ping peak due to the more positive stopping potential.
Fig. 4. Cyclic voltammogram as with Fig. 3 except that
pulsed light is incident on the substrate surface. Note the
appearance ofanodic photocurrent pulses on the reverse
sweep following the stripping ofcadmium.
Fig. 6. Cyclic voltammogram as with Fig. 5 except the
filmhad deposited for about 1 hour. Note the change in
current scale and the increase in the magnitude of the
photocurrent pulses.
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Also, the introduction of iodide ions into the solution fur-
ther enhances uniformity.
Electrodeposition of CdS from aqueous solutions
containing thiosulfate ions was much improved by the
implementation of swept voltage deposition. This method
tends to produce stoichiometric CdS, as opposed to Cd-
rich films. This technique is easily monitored by in-situ
voltammetry.
Future related work willinvolve further refinement of
the electrodeposition of CdS from hot organic baths (i.e.
T >100°C) and more detailed investigation of pulsed and
swept methods for the electrodeposition of CdS from
aqueous solutions. Further experimentation willinclude a
more quantitative approach to the growth and characteri-
zation of films deposited from organic electrolytes con-
taining CdL; Also, dithionite ion, S^O^"-, as a sulfur
source in acidic solutions willbe investigated.
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